Purpose of Review Peripheral blood mononuclear cells (PBMCs) are used in a wide variety of preclinical assays. Preanalytical variations can have a devastating impact on the results. In this review, we list critical preanalytical factors for PBMC-based assays to develop awareness and orientation to the types of sample preparation and storage that one may consider employing. Recent Findings Critical factors during blood collection are the blood collection tube and anticoagulant, possible stabilizer used, and the pre-isolation blood storage temperature and time. During PBMC isolation, critical factors are the isolation method, density gradient or magnetic sorting, use of barrier, possible RBC lysis, and centrifuge type. During cryopreservation, attention is needed for the cryomedium type and temperature, freezing device and program, cell concentration, and the long-term storage temperature. During the thawing process, the thawing procedure/device used and wash medium temperature are critical. Summary To avoid biased results in PBMC assays, these critical preanalytical factors must be standardized and/or documented. Additionally, participation in external quality assurance programs is strongly recommended.
Introduction
Peripheral blood mononuclear cells (PBMCs), including monocytes and lymphocytes, are often isolated from anticoagulated blood for use in preclinical and clinical research. They may be used for further processing, such as immunomagnetic bead-based sorting of specific cell subpopulations, establishment of lymphoblastoid cell lines (LCL) [1] , or extraction of nucleic acids. Endpoint use of either whole or subprocessed (i.e., sorted, transformed) PBMCs is always analytical and feeds into two assay categories, (i) assays not requiring viable cells, such as DNA-based genetic analysis and RNA-based gene expression analyses, and (ii) assays requiring intact or viable cells, such as immunophenotyping and functional assays. Functional assays include radiosensitivity assays on LCLs [2] , chromosome-based analysis (chromosome aberration assays) for detection of genotoxicity [3] , monitoring of autophagy activity [4] , chemotaxis assays [5] , natural killer (NK) cytotoxicity assays [6] , leukocyte recruitment and adhesive interactions with endothelial cells, suppression assays [7] , antigen-specific response assays such as lymphocyte proliferation assays, intracellular cytokine staining (ICS), and enzyme-linked immunospot (ELISPOT) assays. ELISPOT is important for vaccine studies, enabling quantification of IgG-secreting B cells and the assessment of memory B cell activity. Also, the relative frequencies and cytokine signatures of antigen-specific T cells are considered surrogate biomarkers of the T cell immunity in vivo, while HLA-peptide multimer staining assays [8] are applied in monitoring antigen-specific T cell responses after immunotherapy.
Most of these assays are performed in non-regulated preclinical research laboratories. However, at least one regulated functional application has recently emerged: the monocyte activation test (MAT) for detection and quantification of pyrogenic contamination in pharmaceuticals [9] . Similarly, PBMCs are used to detect unwanted intrinsic proinflammatory activities of different biological therapeutics through cytokine (IL-6, IL-1β, TNF-α) release [10] .
For DNA-and RNA-based assays, cells do not need to be viable; rather, immediate stabilization after isolation in an appropriate nucleic acid (NA) stabilizer and freezing until NA extraction is optimal. For immunophenotyping, cells need to be intact, and they need to be viable for all functional assays. Functional analyses may be performed either on freshly isolated cells or on cells after cryopreservation.
Preanalytic characterization and quality control (QC) preceding the above downstream applications have received only very limited attention until now. Standard characterization and QC assays before cryopreservation include (i) cell enumeration in order to optimize the cell concentration in the cryotubes and (ii) cell viability and early apoptosis measurement via impedance-based, trypan blue-based, or flow cytometricbased methods in order to assess the cell health before (prefreeze) and/or after (post-thaw) cryopreservation [11] . ELISPOT assays are usually an endpoint in themselves, but may also be performed as QC to assess the functional status of the cells, especially after cryopreservation. It has been shown that viability ≥ 70-75% corresponds to a critical QC threshold in the scope of consistent proliferative responses of lymphocytes [12, 13] . However, in the regulated context of the MAT, the acceptable viability threshold is 95% [10] . Early apoptosis < 20% has been shown to be an acceptable QC threshold to effectively measure response to different antigenic stimulation [14] . Different preanalytical parameters may affect the viability/apoptosis status of the PBMCs, including blood precentrifugation time and temperature and suboptimal freezing/thawing. A QC assay which allows the specific assessment of the precentrifugation delay of the blood specimen from which the PBMCs have been isolated has recently been described [15•] , which is based on the ratio of gene expression of the IL8 and EDEM3 genes ("PBMC preanalytical score").
The scope of this article mainly covers the impact of preanalytics on PBMC functional endpoints, and does not cover QC for molecular (DNA-and RNA-based) analyses). The definition of "preanalytics" corresponds to a "processing method," including all steps and operations occurring between the moment of blood collection and the moment PBMCs are delivered to the analytical laboratory. In this sense, the interval between blood collection and centrifugation is a preanalytical factor, but the time during which isolated PBMCs are cultured before measuring cytotoxicity or before monitoring antigenspecific T cell responses [16] is considered as part of the analytical workflow (Fig. 1) .
Critical Preanalytical Variables
The "critical preanalytical variables" are the critical factors in the PBMC processing method that have a significant impact on the quality of the produced PBMCs. Quality attributes are more or less "sensitive," with cytotoxicity assays or antigenspecific proliferation assays being more sensitive to the insults of cryopreservation than recovery and viability assays.
Anticoagulants/Blood Collection Tubes
Different anticoagulants and blood collection tubes can be used for PBMC isolation. When comparing EDTA, ACD, and heparin with a precentrifugation delay of up to 24 h, for PBMC recovery and viability, the differences were not significant. The differences were, however, significant for ELISPOT, with heparin being the most robust to the 24-h delay [17] . EDTA is not the preferred anticoagulant for PBMC isolation for some applications. It has been shown that cytokine-induced killer (CIK) cell proliferation is ineffective when blood has been collected in EDTA [18] , that NK cytotoxicity is dramatically decreased in EDTA [19] , and that EDTA increases proinflammatory cytokine mRNAs, and may therefore introduce bias in downstream analyses [20] . Heparin or ACD anticoagulants were found to be better than EDTA for PBMC preservation for downstream B and T cell analysis [23] . Blood collection in ACD tubes better stabilizes lymphocytes for establishment of LCLs, with EpsteinBarr virus (EBV) transformation being effective 1 week after blood collection, in contrast to blood collected in EDTA where EBV transformation is effective only up to 24 h after collection (Betsou, IBBL, unpublished).
When heparin and ACD-A were compared with EDTA, it was found that the relative frequency of CD14+ monocytes was higher with EDTA, although the relative frequencies of monocyte subsets were not altered by the anticoagulant used [24•]. Complete filling of the blood collection tube also impacted the relative amount of monocytes, as it perturbed the optimal blood to anticoagulant ratio. A previous study had shown that the mean channel fluorescence intensity of membrane CD14 on monocytes in blood samples collected with heparin was higher than in blood collected with EDTA or citrate [25] . For NK cytotoxicity assays, heparin is also preferable to EDTA [19] .
CPT citrate and CPT heparin tubes are particularly convenient because they allow PBMC isolation in significantly shorter time as compared to a Ficoll-based procedure (see below). When these two types of tubes are compared with a 24-h precentrifugation delay at RT, in terms of cell subpopulation composition, there is a higher probability of granulocyte (CD15+) contamination in the CPT citrate tubes (Ammerlaan, IBBL, unpublished). In the scope of proliferation-based assays, the odds of obtaining a response were higher in PBMCs collected in citrate CPT than in heparin or ACD tubes, with the exception of one antigen [26] . Putting together all the above data, CPT heparin tubes are a good choice for cryopreservation of cells for functional assays.
Use of Stabilizers
Cells are not viable after NA or protein stabilization. Very briefly, blood collection tubes (BCT) may contain NA stabilizers that either lyse the cells and inhibit nucleases (e.g., Paxgene RNA BCT) or fix the cells without lysing them (e.g., Paxgene ccfDNA BCT). Such stabilization is critical for downstream gene expression analyses.
The use of cell surface protein stabilizers facilitates downstream immunophenotypic analyses, especially for epitopes which are known to be sensitive to preanalytical conditions. The Proteomic Stabilizer (Smart Tube Inc.) has recently been used to study immune activation and monocyte phosphoproteins by CyTOF [27•]. Although granulocytes are not in the main scope of this article, it has to be noted that preservation of cell surface antigens of granulocytes requires stabilization [28] . The use of a special stabilizer which prevents granulocyte contamination of the PBMC layer is described in the next paragraph.
Delays Between Collection and Processing
The interval between collection and processing is the most critical parameter affecting the performance of lymphocytes in immunological assays. Granulocytes can become activated with longer blood storage time, their density may decrease, and they may thus contaminate the enriched PBMC fraction [29] . Granulocytes are known to become activated in some diseases, such as cancer [30] , and release pre-stored granules, which may cause oxidative stress to lymphocytes with negative consequences in viability and cytokine release ability. The presence of granulocytes in the PBMC layer may also create interference and non-specific background in different downstream assays. To overcome this preanalytical challenge, cellspecific antibody-based reagents have been commercialized (T Cell Xtend® by Oxford Immunotec) which cross-link granulocytes to red blood cells (RBCs), thus increasing their density and inducing their pelleting through density gradients. Restoration of the relative percentages of lymphocytes and granulocytes after 24-and 48-h precentrifugation delays in heparin tubes with the T Cell Xtend® has been demonstrated [31] . Another way to prevent granulocyte contamination is by diluting the blood with PBS upon collection [29] .
A significant reduction in IFN-γ-secreting cells, measured by either ELISPOT or ICS, has been observed with precentrifugation delay, independently from anticoagulant, and especially for low responding samples, unless CPT is used for the isolation [17] . Similar differences between immediate and 24-h processing have been found for lymphocyte proliferation assays (LPA) [26, 32] , but also for RNA extraction, yield, and integrity [33] .
In addition to time to processing, storage temperature between blood collection and processing is critical. Olson et al. studied the impact of time/ambient temperature combinations on recovery, viability, and IFN-γ secretion in ELISPOT, for temperatures between 15 and 40°C. They found that heparinized blood exposure to 15°C or 40°C for more than 8 h negatively impacted post-thaw viability and immune function of cells and recommended shipment of blood at 22-30°C and use of prewarmed gel packs when shipping in the winter [34] .
Delays between blood collection and processing of more than 8 h induced a significant reduction in PBMC chemokine receptor (CCR4, CCR7) expression and decreased the ability of NK cells to degranulate (CD107α expression) and secrete cytokines (IFN-γ, TNF-α) [35] . Surprising data on the optimal conditions between blood collection and processing have been reported in the scope of NK cytotoxicity assays, for which overnight storage of ACD blood at 4°C avoided loss of NK cytotoxicity, associated with an increased NK fraction [36] .
When using CPT, if not processed on site, the filled tubes must be shipped to the processing laboratory at RT prior to centrifugation. They should not be centrifuged on site, then shipped. Indeed, a post-centrifugation delay of 48 or 72 h causes a significant loss of viability before cryopreservation and an even more dramatic loss of viability after cryopreservation. A precentrifugation delay of up to 24 h does not significantly impact viability, cell subpopulation composition, and ELISPOT responses; however, at 48 h, the PBMCs cannot effectively be separated from the RBCs (Ammerlaan, IBBL, unpublished) (Fig. 2) . 
PBMC Isolation
Isolation of PBMCs is essential since immune responses are significantly higher when using isolated PBMCs than when using whole blood [26] . Common methods for PBMC isolation include density gradient centrifugation with Ficoll-Paque and isolation with cell preparation tubes, such as CPT, SepMate tubes with Lymphoprep, Leucosep, RosetteSep, and Accuspin™. The method for PBMC isolation on Ficoll gradient was first described in 1968 [37] . Comparison of PBMCs isolated using standard Ficoll vs SepMate tubes showed equivalent performance in recovery, viability, leukocyte and CD4+ memory subset frequencies, and T cell function by IFN-γ ELISPOT [38] (Fig. 3) . A summary of the isolation methods most commonly used is shown in Table 1 .
An erythrocyte lysis technique may be a critical step in the isolation procedure, depending on the required purity and downstream application. Erythrocyte lysis can be achieved with ammonium chloride, with a lysing reagent containing a fixative or with other commercial lysis solutions. Immature erythroid nucleated cells may be resistant to this lysis. In certain indications, such as in alcoholic patients, complete erythrocyte lysis may be difficult to achieve (Betsou, IBBL, unpublished).
The effect of density gradient reagent, washing buffer composition and centrifugal speed that is applied during the isolation of mononuclear cells on recovery, and migration and clonogenicity functional properties has been studied [39] . In these studies, the importance of centrifugal force and albumin supplementation in the washing buffer has been shown. Furthermore, we have shown that the brand of the centrifuge has a tremendous impact on the cell recovery of PBMCs isolated with the Sepmate method. More specifically, NuAire NUWIND NU-C200R-E centrifuges allow us to recover three to five times more PBMCs than Thermo SL 40R centrifuges, using the same centrifuge acceleration and braking values. The difference in PBMC yield was not observed with Ficoll density gradient (Sokolowska, IBBL, unpublished). Isolation by cell separation tubes requires less skill than isolation with Ficoll gradient, and is compatible with automation [40] . CPT, Accuspin, and Ficoll isolation methods have shown similar performance on PBMC recovery and viability [17] . In addition, CPT has shown equivalent performance to Ficoll when comparing recovery, viability, and IFN-γ expression in cryopreserved CD8+ and CD8− cells [41] or when comparing subsequent recovery and purity of immune cell subsets and associated gene expression profiles [42] . In a more recent study, CPT-isolated PBMCs gave higher overall cytokine responses than SepMate/Lymphoprep-and Ficollisolated cells, and similar viability and LDH release in LDH cytotoxicity assay [43] . In conclusion, the CPT method is simple and fit-for-purpose for the isolation of high-quality immune cell subpopulations.
Immunomagnetic Bead-Based Cell Sorting
Magnetic sorting of PBMCs and subpopulations for purification or enrichment purposes is based on antibody-conjugated microbeads, which bind either to the cells of interest (positive sorting) or to all other cell subpopulations, except the cells of interest (negative sorting). The microbeads are designed to be non-toxic, to be biodegradable, and to not affect the activation status of the cells. However, it has been shown that positively sorted CD14+ monocytes, as opposed to negatively sorted ones, exhibit reduced activation and proliferation capacity after stimulation with LPS [44] . Similarly, positively sorted CD4+ and CD8+ T cells may undergo activation by ligation of CD4 and CD8 molecules, while cell-sorting procedures appear to have no effect on expression of cell surface molecules, such as interleukin-2 receptor (IL-2R, CD25) [45] . Magnetic bead sorting may thus introduce a bias in downstream analyses due to either activation of cells or interference with immunofluorescent staining.
Cryopreservation
Freshly isolated cells are optimal for many downstream applications; however, cryopreservation allows batching for downstream assays and analysis according to a predefined experimental plan, and thus reduces collection center-related and analytical run-related bias and allows analysis of sequential samples from the same patient isochronously. The purpose of most of the biospecimen research work done in this area has been to compare different PBMC quality attributes before (pre-freeze) and after (post-thaw) cryopreservation. Cryopreservation of whole blood instead of isolated PBMCs has been attempted. Although viable B cell sorting and EBV transformation can be successfully performed [46, 47] , the cells suffer from significant deterioration in terms of viability, apoptosis, and EBV transformability [11] .
The fitness-for-purpose of PBMC cryopreservation has been demonstrated in the scope of preservation of lymphocyte immunophenotypes and proliferative responses [48, 49] , pyrogenic responses [50, 51] , establishment of LCLs [52] , Th1/Th2 cytokine ratio after stimulation [53] , Tcell culture and subsequent polyfunctional antigen-specific CD4 and CD8 T cell responses [16, 54] , host cell reactivation (HCR) assay [55] , and mutagen sensitivity assay for assessment of DNA repair capacity [56] . Cryopreservation does not induce any significant difference in the proportions of T cells expressing CD3 and monocytes/ macrophages expressing CD14 [57] . The impact of cryopreservation on B cells expressing CD19, if it exists, is small [48] .
Contradictory conclusions have been published concerning the impact of cryopreservation on the adhesion-mediated interactions between mononuclear and endothelial cells. Cryopreservation does not alter integrins on the mononuclear cells and hence does not affect rolling and adhesion on TNF-α-activated endothelial cells [57] . Another study found a change in the adhesive phenotype and a modulation of the ability of monocytes to migrate across endothelial monolayers when cells were tested immediately post-thaw, but not if they were allowed to recover before testing [58] . Cryopreservation may induce a decrease in intracellular calcium that is necessary for polymerization of cytoskeletal proteins and thus hamper the motility of the cells [59] .
Although cryopreserved PBMCs are suitable for all the above applications, a certain bias can be induced by the cryopreservation process. Cryopreserved cells are more sensitive to γ irradiation [56] . Others have shown a significant decrease of CD62L expression in cryopreserved PBMCs, leading to a decrease of the relative proportions of naïve (CD45RA+ CD62L+) and central memory (CD45RO+ CD62L+) T cells, an increase of the relative proportions of effector CD8+ T cells, and a loss of proliferative responses to certain antigens [60] . The relative sensitivity of the CD45RO and CD62L markers to cryopreservation was confirmed by Weinberg et al.; these were the only two markers that showed a median % difference between fresh and cryopreserved PMBCs of around 10%, with all other markers studied showing % differences of 1-6% [13] . Reduced recovery of colonyforming unit-granulocyte-macrophage CD34+ cells has been reported after cryopreservation [61] , as well as a small reduction in HLA-DR+ CD38+ and CD45RA+ CD62L+ T cells [48] . Furthermore, a decrease in the relative proportion of regulatory T cells (CD4+ CD25+ FoxP3+) has been shown [62] . Contrary to the above studies, Van Hemelen et al., using an optimized cryopreservation protocol (optimal cell concentration, freezing medium composition, use of progressive rate freezer, optimal thawing protocol by gradually adding warm culture media in the cryopreserved cells), demonstrated that cryopreservation does not alter the frequency of regulatory T cells [63] .
When cryopreservation induces a reduction in some lymphocyte immunophenotypes or some proliferative responses, this bias can be made systematic, through standardization of the critical cryopreservation parameters. These are described below.
The cryopreservation protocol applied, in terms of the composition and temperature of the cryopreservation medium, progressive rate freezing program, and cell concentration, is a critical factor. The composition of the cryomedium (e.g., the specific serum additive) has a significant impact on viability and apoptosis, with a beneficial effect of the presence of apoptosis inhibitors [64, 65] . The temperature of the cryopreservation medium at the time it is being added to the cells has a significant impact on the frequency and type of cytokine signatures [49, 66] .
The progressive rate freezing program may be critical for sensitive cell types: use of a controlled rate freezer leads to higher yields of dendritic cells and to higher autologous T cell stimulation [67] than freezing with isopropanol. The long-term storage time and temperature of the frozen cells is another critical factor. Recovery and viability has been confirmed after 12 years of storage in LN [68] , but IFN-γ T cell responses may be affected by long-term storage in LN, in an antigen-specific manner [69] . Storage at − 30°C and − 70°C induces significant apoptosis [11] , while gene expression profiles are affected by long-term storage at − 80°C when compared to LN [70] . Temperature cycling from below − 130 to − 60°C significantly affected functionality, as assessed by ELISPOT [71] . The shipment temperature may have an impact on viability, proliferative responses to antigenic stimulations, and ICS results, with detrimental effects of temperature fluctuations between LN and − 80°C and of − 20°C temperatures [14, 17] .
The thawing step is critical. Slow dilution of the freshly thawed PBMCs by dropwise addition of culture media as well as overnight recovery is important for optimal proliferative responses [13] . Methods for automated cryovial thawing have been developed such as BioCision ThawSTAR, and help ensure standardized sterile and reproducible cell recovery after cryopreservation [38] (Fig. 4) .
Efficient washing in isotonic buffer is important in order to remove impurities, especially if staining with lectins is intended, since lectins may bind to residual sugars in the medium. The temperature of the washing medium is also important, with higher viability observed when using prewarmed washing medium [64] .
If cryopreservation induces a loss of activity, this makes it unfit for the purpose. In this respect, two studies have shown that cryopreservation has a detrimental effect on myeloidderived suppressor cells (MDSCs). MDSCs are cells that cosediment with the PBMCs. Cryopreservation may lead to reduced frequencies of MDSCs [72] . It might induce a loss of suppressor activity, measured by carboxyfluorescein diacetate succinimidyl ester (CFSE)-based suppression assay, arginase I expression, or reactive oxygen species (ROS) upregulation in certain subsets of MDSCs [73] . However, in this study, the freezing protocol applied was suboptimal: the concentration of cells was too high, the DMSO concentration in the cryopreservation medium was high, freezing was not progressive, and the cells were stored at − 80°C instead of liquid nitrogen (LN). Of note, DMSO is toxic to cells, and protocols to reduce DMSO from the standard 10% to 5% have shown increased CD4+ T cell function after cryopreservation [74•] .
The optimal concentration of cells for cryopreservation is 1-5 × 10 6 cells/ml. New devices have recently been commercialized for standardized freezing (Coolcell device) and for standardized thawing of the cells (Biocision ThawStar Cell thawing platform). The post-thaw viability of PBMCs frozen with a Coolcell device is similar to that of PBMCs frozen with a Mr Frosty device (Lambert, IBBL, unpublished).
Conclusion
Isolated PBMCs are used in preclinical research as a source of biomarkers in infectious and chronic diseases (e.g., isletautoreactive T cells in type 1 diabetes), but also in epidemiological studies [75] , vaccine trials (T cell responses as correlates of immunity), or clinical trials (monitoring of cellular immune functions during immunotherapies). Although this article does not focus on cell therapy, there are several therapeutic applications, based on T cells (CAR T cells, antiviral T cells after bone marrow transplantation, Treg cells for graftversus-host disease) or on ex vivo manipulation of dendritic cells for reinfusion into cancer patients. The availability of large quantities of functionally effective dendritic cells is critical in this context. Preanalytics and cryopreservation are also of importance in the cell therapy field [76] .
It is important that the isolation method is simple and the output PBMCs are non-activated, non-contaminated by other cell types (RBCs, granulocytes) and of high viability. A series of basic protocols for the collection, storage, and preparation of human blood cells has recently been published by the National Heart, Lung, and Blood Institute [77] . But the devil is in the details. For example, the details of the processing method used to generate DCs from monocytes may have an impact on the phenotypic and functional characteristics of the DCs. It has been suggested that monocyte isolation through flask adherence or magnetic sorting may influence the yield, viability, and cytokine release of the generated DCs [78] .
Participation of PBMC processing laboratories in external quality assurance programs (EQA) is the only way to benchmark the performance of the laboratory. The benefits of participating in such programs have been demonstrated [79] , although implementation of such a program requires optimization of the shipment conditions [80] . In conclusion, analysis of PBMC functional attributes requires standardization of the anticoagulant and blood collection tube type used, proper filling of the blood tubes, minimizing delay between blood collection and processing, and validation of the PBMC isolation protocol (centrifuge brand and settings, separation medium, buffer composition), the cryopreservation protocol (cryopreservation medium, device), the thawing protocol, and the post-thaw recovery. All of the above must be carefully considered on a case-by-case basis, depending on the specific goals of the study and the functional applications that are being investigated. When the purpose of PBMC production is a proliferation assay, it is important to validate the processing method in the particular context of use, with the anticoagulant, the cell type, and each particular antigen of interest, in the presence or absence of disease [81] . When the purpose of PBMC production is the use of multiplex antibody panels for cell surface and intracellular markers, such as markers of naïve/memory CD4, CD8, Treg activation, exhaustion, or senescence, it is important to validate the PBMC processing method and confirm that cytometric separation and intensity of the markers of interest pass predefined acceptance criteria. Systematic errors linked to shipment and/or cryopreservation can be accounted for once they are known and constant. PBMC biospecimen research should be supported by funding bodies in order to increase the reproducibility and robustness of the outputs of research based on PBMC functional assays. 
